Based on first-principle total-energy calculations, we have found that by applying an external electric field it is possible to control the magnetic state of graphite thin film with the rhombohedral stacking arrangement. When exposed to a moderate electric field normal to the film, the surface of a thin film of rhombohedral graphite undergoes a magnetic phase transition from the antiferromagnetic state to the ferromagnetic state. The polarized electron spin is primarily distributed in the bottommost layer of the film, which forms the interface with the negative electrode. The amount of polarized electron spin is calculated to be 0.067 B / nm 2 . The ferromagnetic ordering with the characteristic distribution of the polarized electron spin opens the possibility of using graphite thin films in electronic devices with spin degree of freedom.
Following the synthesis of single-layer graphite ͑graphene͒, 1 many theoretical and experimental efforts were devoted to this legendary carbon allotrope, which possesses a two-dimensional ͑2D͒ hexagonal network of C atoms. 2, 3 These researches have uncovered the peculiar properties of graphite and graphene that were predicted by previous theoretical works and have also revealed some unusual properties that were unexpected. Graphite is the metal with layered structure, in which the conducting properties are characterized by massless electrons at the Fermi level leading to a high electron mobility through the layer. Because of its properties, graphite and graphene now occupy a premier position not only in low-dimensional sciences but also in nanoscale technologies in the next generation. For example, graphite can work as the conducting channel of field-effect transistors ͑FETs͒.
Another source of interest for graphite and graphene is magnetism induced by vacancies, edges, or topological defects. [4] [5] [6] [7] Graphene containing such imperfections exhibits peculiar electronic states around the Fermi level. [8] [9] [10] In conventional solids with covalent character ͑e.g., Si and diamond͒, imperfections basically result in electron states near the Fermi level that are localized around the imperfection because of the unpaired electrons in the unsaturated covalent bonds. For graphene, however, imperfections cause the emergence of another class of electronic states. When graphene flakes or ribbons have zigzag edges, peculiar electronic states emerge at the Fermi energy. They are localized near to but extended along the edges. In part of the Brillouin zone, these states lack dispersion along the edge directions. [8] [9] [10] Halffilled flatband states lead to certain magnetic ordering on the graphene flakes; polarized electron spins are ferromagnetically aligned along each edge and antiferromagnetically coupled between edges. 7 This state is now known as the edge state. [8] [9] [10] [11] [12] The magnetism associated with the edge state is not peculiar to graphene flakes with zigzag edges but occurs on the ͑0001͒ surfaces of bulk rhombohedral ͓ABC stacking: Fig. 1͑a͔͒ graphite. 16 In that case, the flatband state emerges in the vicinity of the K point of the two-dimensional hexagonal Brillouin zone, [13] [14] [15] [16] [17] and the surface exhibits ferrimagnetic spin ordering with a magnetic moment of 0.036 B / nm 2 .
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In the case, although the polarized spins are ferrimagnetically aligned on each surface, the polarized spin on the topmost and the bottommost layers are antiferromagnetically coupled to each other so that the net spin in the slab is zero. In the present work, based on first-principle total-energy calculations, we demonstrate the possibility of controlling the magnetic phase of thin films of rhombohedral graphite by applying an external electric field normal to graphene layers. Our calculations clearly indicate that the thin films of rhoma͒ Electronic mail: sokada@comas.frsc.tsukuba.ac.jp. bohedral graphite undergo a magnetic phase transition when subjected to a moderate electric field; the electric field transforms the antiferromagnetic state into a ferromagnetic state.
Electrode

The present results open the possibility of using graphite thin films as constituent materials in spin-dependent electronic devices possessing the metal-oxide semiconductor FET structure.
In this work, we present a first-principles total-energy calculation based on the density functional theory. 18, 19 To express the quantum many-body effect on interacting electrons, we use the local spin density approximation ͑LSDA͒ with the Perdew-Zunger 20 functional form. 21 We adopt the Vanderbilt ultrasoft pseudopotential to describe the electronion interaction. 22 The valence wave functions and charge density are expanded in a plane-waves basis set with a cutoff energy of 25 Ry and 324 Ry, respectively. In this case, because the flatband region affecting the magnetism on the graphite surface occupies a narrow region in the Brillouin zone, integration over the Brillouin zone is performed using fine equidistant k-point meshes, in which 52ϫ 52 k-points are taken in the 2D hexagonal Brillouin zone. The external electric field applied normal to the slab is simulated by the effective screening medium ͑ESM͒ method in which the Poisson equation is solved by imposing the open boundary condition normal to the graphite slab. 23, 24 To simulate a thin film of rhombohedral graphite, we use a graphite slab consisting of eight graphene layers with a rhombohedral stacking arrangement. An early experiment has reported that 14% of natural graphite is rhombohedral graphite. 25 Thus, the structural model considered here is not fictitious but physically relevant. The slab is then sandwiched between two electrodes with 10.0 Å vacuum regions that are simulated by the ESM ͓Fig. 1͑b͔͒. For the lateral direction, we impose the periodic boundary condition on 1 ϫ 1 unit containing two C atoms in each layer to simulate infinite graphene layer. Figure 2͑a͒ shows the spin density of a graphite slab with a rhombohedral stacking arrangement and with no external electric field. In this case, the polarized electron spins are ferrimagnetically aligned on each surface, whereas the polarized spin on the topmost and the bottommost layers are antiferromagnetically coupled to each other. Because of this magnetic ordering, the net magnetic moment in the slab is zero, although each surface possesses a magnetic moment of 0.036 B / nm 2 . The magnetic ordering just described is drastically modulated by applying an electric field normal to the slab. Subjected to an electric field of 0.26 V/A, the rhombohedral graphite slab exhibits ferromagnetic states instead of antiferromagnetic states, as shown in Fig. 2͑b͒ . The spin density clearly corroborates the ferromagnetic ordering of the rhombohedral graphite slab. Furthermore, the polarized electron spin is mainly distributed in the bottommost layer, which forms the interface with the negative electrode. The amount of polarized electron spin is calculated to be 0.067 B / nm 2 . Although the magnetic moment per unit area is less than that of conventional magnetic elements, because the domain extends sufficiently, the net moment is large enough to allow the rhombohedral graphite ferromagnet to be used in the various electronic devices with spin degree of freedom. For instance, the spin-dependent conducting channel is expected to be situated at the surfaces of rhombohedral graphite. In this case, the remarkable stability of the sp 2 network as well as the 2D distribution of the polarized electron spin would allow robust carrier transportation throughout the slab.
It is important to clarify the origin of ferromagnetic spin ordering on thin films of rhombohedral graphite. Figure 3 shows the electronic energy band and the distribution of the squared wave function at the K point for a rhombohedral graphite slab with and without an electric field. In the zerofield case, the flatband state emerges near the K point and is split by 5 meV into two branches, one above and one below the Fermi level, for both majority and minority spin states. The wave functions of these states at the K point are completely localized on the outermost layer of the rhombohedral graphite slab. This distribution leads to the antiparallel coupling between the polarized electron spin on the topmost and the bottommost layers. The situation is drastically altered upon applying an external electric field. We find that the potential deference between the topmost and bottommost layers increases the splitting of the flatband state. The energy gap between the upper and lower branches of the flatband state is 50 meV. The upper branch of the flatband state is partially filled by electrons, whereas the lower branch is fully occupied. Because of the partially filled character of the upper branch, it is split by 5 meV into majority-and minority-spin states, which leads to the ferromagnetic spin polarization in the rhombohedral graphite slab. Indeed, the distribution of the wave function corroborates the fact that the state exhibiting exchange splitting is distributed in the bottommost and in the second sublayers facing the negatively charged electrode. The wave function distribution is qualitatively the same as that of the electron spin density.
Finally, we investigate how the magnetic ordering of a rhombohedral graphite slab depends on the external electric field. The ferromagnetic state emerges at the threshold voltage of about 0.2 V/Å. Above this threshold, the ferromagnetic spin state is the ground state, and the antiferromagnetic spin state is physically irrelevant. At this threshold, the level ͑electronic energy band͒ crossing around the Fermi energy occurs between the edge state associated with the antiferromagnetic ordering and the other electron states possessing slightly extended nature ͓Figs. 3͑e͒ and 3͑f͔͒. Thus, for an external electric field of about 0.2 V/Å, rhombohedral graphite slabs undergo a magnetic phase transition from the antiferromagnetic state to the ferromagnetic state. On the other hand, it is easy to speculate that the ferromagnetic state disappears under a large external electric field. The large electric field enhances the splitting of the electronic energy band belonging to each graphite layer, which results in the metallic character of the slab.
In summary, we studied the magnetic properties of thin films of rhombohedral graphite exposed to external electric fields. Our first-principle calculations show that the electric field can control the magnetic properties of thin films of rhombohedral graphite. The graphite film undergoes a magnetic phase transition from antiferromagnetic to ferromagnetic when exposed to an electric field normal to the slab. Under the influence of an electric field, the polarized electron spin is primarily distributed in the bottommost layer, which forms the interface with the negative electrode. The amount of the polarized electron spin is calculated to be 0.067 B / nm 2 . The characteristic distribution of the polarized electron spin in the ferromagnetic state opens the possibility for using graphite thin films as constituent units of electronic devices with spin degree of freedom. For example, the spin-dependent conducting channel is expected to occur at the surface of rhombohedral graphite.
